Increased use of radiation in medicine, industry, and laboratories, requires safe conditions to be provided for its optimal use. One of the cases in which people are exposed to radiation, is during the detection of explosive materials by PGNAA method. Therefore, external dosimetry is necessary for workplaces where the method is used. In this study, Monte Carlo simulation program, MCNPX has been used to simulate gamma dose in the environment during the detection of explosive materials by PGNAA method. The simulated results were validated practically. The results indicate a good agreement between the simulated and measured data. The study demonstrated that MCNPX code can be used eectively for simulating gamma dose in various environments.
Introduction
Gamma rays, radioactive nuclides, and ssionable materials are widely used in the medicine, industry, research, and energy production. In spite of these benets, people are exposed while providing and using these radioactive sources. Since any radiation exposure may have unexpected risks for people, determining the radiation dose is of crucial importance. In prompt gamma neutron activation analysis (PGNAA) method, mixed neutrongamma elds are generated by radiation sources. The method is based upon bombarding a sample with neutrons and measuring the prompt gamma spectrum emitted from the elements within the sample after absorbing the neutrons [1] . The energies of the gamma rays are characteristic of the element's isotopes, and their intensities are proportional to their concentration [2, 3] . PGNAA is a non-destructive method for detection of materials, with numerous advantages and applications in dierent areas of archaeological studies, coal and oil industry, medical application, detection of explosive materials, and various narcotics [47] . Exposure to radiation during the use of PGNAA method for the detection of explosives, has been considered for this research. Many studies have been devoted to detection of landmines, including anti tank and personal landmines and inspection of airline baggage's cargo [812] . The purpose of this research is to measure the gamma dose in laboratory conditions during the determination of nitrogen concentration using PGNAA method and comparing the experiment with the MCNPX simulated results. Determination of gamma dose in this work enables us to design suitable shields, for cases where PGNAA method is used for detecting explosive materials.
* corresponding author; e-mail: mnnasrabadi@ast.ui.ac.ir 2. Simulation MCNPX version 2.4 software was applied for simulation of the interaction of gamma and neutron with materials as well as for calculation of their doses in every point [13] . Library cross sections ENDF/B-VI was used in MCNPX software. MCNPX code is useful for PGNAA experiments and dosimetry simulations. To measure dose, F5 tally with DE5 and DF5 tally was used. DE5 and DF5 tallies use dose conversion coecients to convert ux to dose. Hence, with using these tallies, dose can be estimated everywhere. Furthermore, it is possible to determine the dose in dierent units such as (rem/h)/(particles/cm 2 sec) or (Sv/h)/(particles/cm 2 sec). In this work, dose was measured in (Sv/h)/ (particles/cm 2 sec) unit and standard dose function of ICRP-21 1971 was used. The dimensions and distances of devices in the laboratory were exactly simulated by the code, so the geometry of the PGNAA setup was exactly simulated, similar to the experimental PGNAA setup. The runtime of simulating was 20 minutes. The source was simulated as a Watt ssion spectrum. In the main work, for determination of nitrogen concentration in explosive materials, two NaI detectors were used to obtain gamma spectrum, which is indicated in Fig. 1 . The detector used for dose calculation was an Inspector+ dosimeter operated in dose rate mode with the eective diameter of 45 mm. The Inspector+ is a healthy and safe instrument that is optimized to detect low levels of radiation.
Experiment
At rst, a point was chosen as an origin, and the other points were considered before it. All sample vessels with 100, 300, 500 g of melamine in them were placed at the origin point. Water container and the source were placed on the suitable stool, on the vessel. The top of the sample vessel was in contact with the bottom of the con- (961) tainer. Schematic diagram of the system is shown in Fig. 1 . Before transferring the neutron source to the central tube of the container, the background gamma dose (0.12 µSv/h) was measured. Then each sample was irradiated for an hour. Irradiation by thermal neutrons was also performed without a sample, for an hour. In the work, 252 Cf source (2.65y, 6.67 × 10 6 n/cm 2 s), a natural ssionable source having an energy spectrum between 1 to 14 MeV and average energy of 2.35 MeV, was chosen as a suitable source. Therefore, this source was located within the distance of 4.5 cm from the bottom of the polyethylene cylinder with the height of 15 cm and the radius of 3 cm. Then this cylinder was placed inside a water container. In order to thermalize the neutrons, a plastic container with 12.85 cm radius and 18.4 cm height was used. A cylindrical tube made of polyethylene, with the thickness of 2 mm, the radius of 1.7 cm, and the height of 14 cm, was stuck in the middle of container's surface. Then water was poured into the container, around the tube, up to the level of 10 cm. The source was put inside the tube, in the middle of the container. Consequently, the fast neutrons from 252 Cf source were isotropically thermalized. The optimum amount of water to achieve maximum thermal neutron ux was calculated with MCNP code.
In addition to explosive materials, there are other innocuous materials having a great amount of nitrogen in their structures [9] , such as melamine (C 3 H 6 N 6 ), silk (C 3 H 11 O 6 N 3 ) and chemical fertilizer. In this study, because of safety issues we decided to replace explosive materials with a safer material. Explosive materials have high nitrogen content and can be detected using nuclear based explosive detection methods, which can detect explosives by identifying their elemental components, especially nitrogen. Then, since melamine also has high nitrogen content we chose melamine for this study and we believe that melamine could be an appropriate selection for explosive materials, within the goals of our study. Melamine is a white powder with the C 3 H 6 N 6 chemical formula, 1.57 g/cm 3 density and 99.80% purity. The sample vessel was a cylinder with 7 cm radius, height of 6.3 cm and thickness of 2 mm. The sample vessel is made of polyethylene with the density of 0.97 g/cm 3 .
Results and discussion
The dosimeters were placed at the previously specied points. Considering the points' coordinates and their distances, gamma doses were obtained once in the presence of the samples with three dierent masses of 100, 300 and 500 g of melamine, and then in the absence of the samples. The results are illustrated in Table I . Lower gamma doses are expected when the distance from the source is increased, but higher material mass should increase the gamma doses. The doses calculated by MCNPX code for the same positions are reported in Table II . Since MCNPX code calculates dose rates per particle, the results should be converted to absolute dose rate (µSv/h), using the known incident neutron ux. The absolute dose rates are calculated by the code and the relative errors between experimental and calculated absolute doses are reported in Tables V and VI. A good agreement was found between experimental and calculated results.
Conclusion
Considering the obtained results, shown in the gures, the experimental doses are in good agreement with the doses calculated by MCNPX code. The relative errors are less than 10%. Hence, the calculated data obtained by MCNPX code are validated, and it is possible to calculate gamma dose with any arbitrary explosive material and for any dimension of the sample vessel. By increasing the distances, the gamma dose was decreased. As indicated in the text, even in the absence of sample, there is a background dose. Comparing the results for a certain point, it was considered that by increasing the sample mass, the gamma dose was increased too. Also considering the obtained doses for dierent distances and comparing them with the average annual dose, which is recommended by the ICRP commission, it can be concluded that the amount of obtained doses during working with explosive materials is signicant and therefore using suitable shields is necessary. 
